We investigate a detection technique of charge dynamics of a molecular particle using a GaAs-based nanowire where the charge sensitivity is locally enhanced by particle-metal tip capacitive coupling. By equivalent circuit analysis, it was clarified that the nanowire channel potential becomes sensitive to the molecular particle on the nanowire when the particle is capacitively coupled with a metal tip. The concept was demonstrated using a GaAs-based nanowire with tetraphenylporphyrin (TPP) particles on its surface and a measurement system integrating an atomic force microscope (AFM) and a dynamic current measurement monitor/spectrum analyzer. When the metal tip was in contact with a TPP particle on the nanowire under an appropriate tip bias condition, random telegraph signal (RTS) noise was imposed on the nanowire current, suggesting the increase in sensitivity to the charge state of the particle by the metal tip contact. We discussed the origin of the RTS noise through analysis of the time constant of RTS noise, RTS amplitude, and noise spectrum. 
Introduction
Extensive research studies have been made on single-molecule electronics aiming at information processing on the basis of the control of the charge dynamics in single-molecule networks [1] [2] [3] [4] [5] [6] . In the primary stage of the investigation of such system, the detection of dynamic charge behavior of the single molecule is indispensable. Thus far, scanning probe techniques achieving atomic-scale spatial resolution have been used for characterizing the molecules [7] [8] [9] [10] [11] . However, their time resolution is often of millisecond order 10, 11) , because of the high impedance in the tip and the molecule. For the real-time detection of the charge state in individual molecules, it is necessary to develop a high-speed small-charge detection technique. In this paper, we investigate a detection technique of the dynamic charge state of molecules combining two techniques: dynamic molecule charge detection using a GaAsbased nanowire field-effect transistor (FET) having a metal gate 12) and a GaAs surface trap detection technique based on the capacitive coupling between a conductive atomic force microscope (AFM) tip and a surface trap 13) . In the former technique, the charge of the molecules in the metal gate periphery is selectively reflected in a GaAs nanowire current owing to the metal gate-molecule capacitive coupling. The semiconductor-based nanowire has a good potential for a high-speed charge detector, because of high sensitivity to surface charge [14] [15] [16] [17] [18] . In particular, the GaAs-based nanowire possesses a high-speed response capability owing to the high electron mobility 19) . This also achieves low background noise compared with Si MOSFETs 20, 21) . In the latter technique, we access the discrete surface trap using an AFM system, and the charge state of the trap is detected in terms of current noise.
We found that this system has a single electron charge detection capability 13) . In the detection technique investigated here, the metal gate of the GaAs-based nanowire FET is replaced by 3 a metal AFM tip to access the aimed molecule. The feasibility of the field effect by the conductive AFM tip was already demonstrated in the detection of the static spatial distribution of carriers in quantum devices [22] [23] [24] . In this paper, a preliminary demonstration of our concept is made by using a tetraphenylporphyrin (TPP) particle dispersed on the GaAs nanowire.
Concept
The basic concept of the detection of the dynamic charge state of molecules is shown in Fig.   1 . The molecules are dispersed on a GaAs nanowire surface as shown in Fig. 1(a) . A GaAs nanowire having two-dimensional electron gas (2DEG) is used as a small charge detector, which has high surface charge sensitivity and achieves a high-speed response owing to the high electron mobility of the 2DEG channel 13) . A target molecule is selectively detected by making a capacitive coupling with a metal tip. The metal tip works as a tiny metal gate for the nanowire or the molecule. Figure 1(b) shows the cross-sectional structure of the nanowire together with its equivalent circuit; a molecule is capacitively coupled with the metal tip, C 1 .
With the analysis of the equivalent circuit in Fig. 1(b) , variation of the channel potential by the charging and discharging of a discrete charge e in the molecule, ΔV, is obtained as
where C 2 is the tunnel capacitance between the molecule and the GaAs channel. C 3 is the capacitance between the GaAs channel and the ground. It is found that, when the molecule is capacitively coupled with the metal, that is, C 1 > 0, the exchange of the charge e between the molecule and the channel is reflected in the channel potential and then the nanowire current is modulated. Then, random charging and discharging of the molecule in contact with the metal is expected to cause random transitions between two states of the nanowire current, referred to as random telegraph signal (RTS) noise. Analysis of the charging and discharging time constants will provide us information of the molecule energy state. Previously, we demonstrated this detection mechanism using a Schottky gate GaAs nanowire FET in which the metal gate couples with several molecules in the gate periphery 12) . In order to access an aimed molecule, we replace the metal gate with a conductive AFM tip.
Experimental procedure
Figure 1(a) shows the experimental setup for demonstrating our concept. A GaAs-based nanowire device with molecules dispersed on the surface was placed in a tip-bias type AFM system (JPK instruments, Nanowizard). The metal tip was a commercially available platinum-iridium (PtIr)-coated Si cantilever. In this study, to confirm the basic concept, a TPP particle was used as measured substance instead of a single molecule. A light-emitting diode (LED) of 403 nm wavelength was placed above the sample for exciting an electron in TPP. The wavelength overlapped the TPP absorption band 25) . The LED power was 0.1 mW.
The drain current and noise spectrum in the nanowire were measured using a conventional semiconductor parameter analyzer and a real-time spectrum analyzer together with a lownoise current amplifier (LNA), respectively. The time resolution was 41 μs. In this measurement system, the current could be measured while maintaining the AFM tip contact with the nanowire or the TPP particle. To avoid the unintentional excitation of the charge in the particle and the nanowire, the laser for detecting the AFM cantilever displacement was turned off in the current measurement. The drift of the stage was sufficiently small for sampling the nanowire current. All the measurements were carried out at room temperature A uniform surface dispersion of a small amount of TPP was important for our experiment.
We applied the electrostatic deposition method 26) for TPP dispersion. In this method, the machine sprayed the mists containing the molecules, which were charged by a high electric field. We used a commercial deposition system (Nagase Techno-engineering Micro Mist Coater). The distance between the sample and the nozzle was 5 cm and the applied voltage was 14 kV. Note that the solution should have a permittivity higher than 15ε 0 (ε 0 : vacuum permittivity) for the electrostatic deposition, whereas the solvent should have a permittivity lower than 7.6ε 0 for the dissolution of TPP. We found that the mixed solution with 70% acetone and 30% xylene could achieve both TPP dissolution and the electrostatic deposition.
Experimental results

Electrostatic effect of a metal AFM tip on nanowire current
First, we examined the electrostatic effect of the vertical tip position. In this study, the change in the vertical tip position, ΔZ, was defined as the distance from the object surface; ΔZ was zero when the tip was in contact with the object surface. The camber of the cantilever was 13 nm and the calibrated value considering the camber was used for measuring the vertical tip position. 
Current and noise in nanowire with TPP particle
Then, we characterized the drain current after TPP dispersion on the nanowire surface. The AFM image of the sample after TPP dispersion is shown in Fig. 3 (a) together with the tip positions. A few small TPP particles were observed on the nanowire. We confirmed that the observed TPP particles maintained the basic property of the TPP molecule from the absorption spectrum in a macroscopic area by UV-visible spectroscopy and the micrometerscale spatial distribution by 405 nm laser optical microscopy observation. The vertical position of the tip when the tip was in contact with the TPP particle, as indicated in Fig. 3(a) , was 20 nm from the nanowire surface. This height of the particle corresponded to the stack of twenty TPP molecules, which was estimated from the π-π intermolecular distance 28) and the thickness of the TPP molecule 29) , assuming that planar-shaped TPP molecules were stacked on the nanowire in parallel to the surface plane 30) .
Figures 3(b) and 3(c) show the drain currents where the tip was positioned on the GaAs nanowire surface and the TPP particle, respectively. The tip biases were 0 and 3 V. When the tip was positioned on the GaAs nanowire surface with ΔZ = 20 nm, the effect of the tip bias on the current was very small. On the other hand, when the tip was positioned on the TPP particle, the current was markedly increased by increasing the tip bias, even with ΔZ = 20 nm (the tip was 20 nm away from the TPP surface). This suggested that the Fermi level pinning of the GaAs surface was reduced by dispersing TPP molecules on the GaAs. We obtained a similar result in a Schottky gate nanowire FET, where TPP in the gate periphery enhanced the metal work function dependence of the nanowire surface potential 12) . Further study is necessary to clarify the mechanism of the observed behavior. Note that the RTS noise appeared when the tip was positioned on the TPP particle at V tip = +3 V, as shown in Fig. 3(c) . This indicated that the random charging and discharging of the discrete charge took place and the charge interaction between the molecule and the nanowire was enhanced by the metal tip and biasing. The transient time between the high and low states of the RTS noise was a few milliseconds, which could be detected using the measurement system having time resolution of 41 μs. increased by the light irradiation, because TPP worked as a photoexcited donor 12) . On the other hand, the RTS noise at V tip = +3 V was unchanged even under light irradiation. This contradicted a previous study using the Schottky-gate nanowire FET with TPP particles, where the current noise markedly increased when the light was irradiated 12) . Figure 4 summarizes the low-frequency current noise spectra in the nanowire with TPP particles. We separately confirmed that, when there was no capacitive coupling between the metal and the TPP particle, 1/ƒ noise was dominant (not shown in the figure) , which was the general noise spectrum in semiconductor FETs 31, 32) , including the GaAs nanowire devices 20, 21) . The gentle slope in the high-frequency region was brought by the noise floor of the measurement system. In addition, without the tip-TPP capacitive coupling, the noise spectra were hardly affected by the light irradiation, similar to a previous study using a Schottky gate GaAs nanowire FET 12) . As shown in Fig. 4(a) , 1/ƒ noise was also dominant even when the tip was in contact with the TPP particle at V tip = 0 V. On the other hand, 1/ƒ 2 noise was imposed on the spectrum at V tip = +3 V as shown in Fig. 4(b) . It is known that the RTS noise exhibits a Lorentzian spectrum having a 1/ƒ 2 slope 32, 33) . The obtained spectra did not show a corner of the Lorentzian spectrum. This was simply because the corner frequency was lower than 10 Hz, less than the lower frequency limit of the measurement system. The 
Discussion
First, let us consider that the charge transfer took place between TPP and the nanowire. In a separate experiment, we observed a clockwise hysteresis in the I DS -V tip curve when the tip was in contact with a TPP particle. In the case of an n-type semiconductor, the observed hysteresis direction suggested that the electron charging and discharging occurred from the nanowire side 34) . The higher conductance of the AlGaAs barrier layer than that of the TPP particle also supported the charge transfer between TPP and the nanowire; the conductivities of the AlGaAs in the sample and TPP were 21 Ω -1 cm -1 and 0.26 Ω -1 cm -1 35) , respectively. The transport of electrons in the depleted AlGaAs barrier was probably caused by the electron having thermal energy that exceeded the potential barrier height. This is a major transport mechanism in the semiconductor Schottky barriers 36) . In this mechanism, a thermally excited electron travels over the barrier within the mean free path. The sample used in this study satisfied this condition, where the electron mean free path in the AlGaAs was approximately 100 nm and was longer than the AlGaAs thickness of 60 nm. It is mentioned that the analysis of the ΔZ dependence of the RTS noise can systematically identify the charge exchange side. If the exchange of the electron occurs between the nanowire channel and TPP, the amplitude of the RTS will decrease by increasing ΔZ, because C 1 in Eq. (1) is decreased. On the other hand, the exchange occurs between the tip and TPP, and time constants of the RTS noise will be also increased by increasing ΔZ, because the conductance between the tip and the molecule is exponentially decreased as a function of ΔZ.
It is also necessary to confirm that the observed RTS noise was attributed to the TPP molecules, because there was also a possibility that the electron trap in the semiconductor surface caused the RTS noise 13) . In this study, we considered the amplitude of the RTS noise.
The RTS noise amplitude for the semiconductor trap in Ref. 13 was a few tens of nA order and it was larger than ΔI DS in this experiment shown in Fig. 3 . This was because, in Ref. Gaussian peaks. Both histograms could be fitted with two major peaks and two small peaks with the same peak intervals and the same deviations. The peak in the high current state corresponded to the electron emission of the TPP particle and that in the low current state corresponded to the electron capture of the TPP particle. The small peaks might arise from another charge state in the TPP particle. From the intervals between the major peaks, the RTS amplitude ΔI DS was evaluated to be 13 nA under both the dark and light conditions. On the other hand, the intensity balance of the two major peaks was different from each other. Next, we examined whether the observed RTS noise arose from a single-electron charge event in terms of the RTS amplitude. A possible RTS amplitude was estimated from the equivalent circuit model as shown in Fig. 1(b) and it was compared with the experimental value. Using Eq. (1), ΔI DS caused by the channel potential change ΔV is given by
where g m0 is the mutual conductance defined by the capacitance in the AlGaAs top barrier between the nanowire surface and the channel. Finally, we discuss the tip bias dependence of the RTS noise. Figure 6 shows the energy level lineup of the TPP and GaAs system estimated from their material parameters. From Fig. 6(a) , the relative energy difference between the lowest unoccupied molecular orbital (LUMO) of TPP and the conduction band edge E C of the GaAs at V tip = 0 V is found to be 13 570 meV. This large energy difference results in the quite large time constant ratio, and the exchange of the electron between TPP and the GaAs nanowire is almost impossible. On the other hand, at V tip = +3 V, the energy level lineup is changed as shown in Fig. 6(b) , in consideration of the bias dependence of each lineup estimated from the equivalent circuit model shown in Fig. 1(b) . The energy difference between TPP and the GaAs is decreased by the tip bias and it is estimated to be 20 meV. On the other hand, assuming that the detailed balance is valid for the charging and discharging event, the ratio of the time constants is given by the next formula. 
Conclusions
We investigated the detection of the charge dynamics of molecules using a GaAs-based nanowire where charge sensitivity was locally enhanced by molecule-metal tip capacitive coupling. The equivalent circuit model clarified that the capacitive coupling between the molecule and the metal tip enhanced the charge sensitivity of the nanowire at the tip contact position. A preliminary experimental investigation of the concept was made by using a
GaAs-based nanowire with tetraphenylporphyrin (TPP) particles dispersed on the nanowire surface together with a measurement system integrating an atomic force microscope (AFM) and a dynamic current measurement monitor/spectrum analyzer. We could observe the RTS current noise when the tip was in contact with a TPP particle. Analysis of the RTS noise suggested that we observed the dynamic single-electron charge transfer between the TPP particle and the nanowire. 
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